Neocortex expansion during evolution is associated with the enlargement of the embryonic subventricular zone, which reflects an increased self-renewal and proliferation of basal progenitors. In contrast to human, the vast majority of mouse basal progenitors lack self-renewal capacity, possibly due to lack of a basal process contacting the basal lamina and downregulation of cell-autonomous production of extracellular matrix (ECM) constituents. Here we show that targeted activation of the ECM receptor integrin α v β 3 on basal progenitors in embryonic mouse neocortex promotes their expansion. Specifically, integrin α v β 3 activation causes an increased cell cycle reentry of Pax6-negative, Tbr2-positive intermediate progenitors, rather than basal radial glia, and a decrease in the proportion of intermediate progenitors committed to neurogenic division. Interestingly, integrin α v β 3 is the only known cell surface receptor for thyroid hormones. Remarkably, tetrac, a thyroid hormone analog that inhibits the binding of thyroid hormones to integrin α v β 3 , completely abolishes the intermediate progenitor expansion observed upon targeted integrin α v β 3 activation, indicating that this expansion requires the binding of thyroid hormones to integrin α v β 3 . Convergence of ECM and thyroid hormones on integrin α v β 3 thus appears to be crucial for cortical progenitor proliferation and self-renewal, and hence for normal brain development and the evolutionary expansion of the neocortex.
INTRODUCTION
The profound increase in relative brain size during evolution, notably the expansion of the neocortex, underlies the increased cognitive abilities in humans. This expansion is thought to be primarily due to an increase in the proliferation and self-renewal capacity of neural stem and progenitor cells (NSPCs) during fetal development (Kriegstein et al., 2006; Fish et al., 2008; Rakic, 2009; Fietz and Huttner, 2011; Lui et al., 2011; Borrell and Reillo, 2012; Franco and Müller, 2013) . [Throughout this study, the term 'proliferation' is not used for any mode of cell division, but only for that through which the number of a given NSPCs type is increased (i.e. symmetric proliferative division); likewise, the term 'selfrenewal' is only used for that mode of cell division through which the number of a given NSPCs type remains constant, but is not increased (i.e. asymmetric self-renewing division).]
There are two principal classes of NSPCs that generate the projection neurons of the neocortex, referred to as apical and basal progenitors. Apical progenitors (APs) undergo mitosis at the ventricular (apical) surface of the cortical wall (Fietz and Huttner, 2011) . APs comprise, in particular, apical radial glial cells (aRGCs), the nuclei of which reside in the ventricular zone (VZ) (Götz and Huttner, 2005; Kriegstein and Alvarez-Buylla, 2009; Shitamukai and Matsuzaki, 2012) .
Basal progenitors (BPs) originate from APs, delaminate from the ventricular surface, and undergo mitosis at an abventricular location, typically in the subventricular zone (SVZ), a second germinal layer located basally to the VZ (Götz and Huttner, 2005; Pontious et al., 2008; Kriegstein and Alvarez-Buylla, 2009; Fietz and Huttner, 2011; Borrell and Reillo, 2012) . There are three main types of BP: (1) basal (or outer) radial glial cells (bRGCs); (2) transit-amplifying progenitors (TAPs); and (3) intermediate progenitor cells (IPCs) . bRGCs are polarized, process-bearing cells (Fietz et al., 2010; Hansen et al., 2010; Reillo et al., 2011; Betizeau et al., 2013) , whereas both TAPs and IPCs lack apical and basal processes and the corresponding cell polarity at mitosis (Haubensak et al., 2004; Noctor et al., 2004; Attardo et al., 2008) . bRGCs and TAPs undergo more than one round of cell division, whereas IPCs typically divide only once, generating two postmitotic neurons (Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004; Hansen et al., 2010; Shitamukai et al., 2011; Wang et al., 2011; Betizeau et al., 2013) .
Both mouse and human aRGCs are endowed with proliferation and self-renewal capacity. By contrast, there is a profound difference regarding this capacity between mouse and human BPs. The vast majority of mouse BPs are IPCs, with bRGCs and TAP-like cells constituting only minor proportions (Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004; Attardo et al., 2008; Shitamukai et al., 2011; Wang et al., 2011; Kelava et al., 2012) , and thus most mouse BPs lack proliferation and self-renewal capacity. By contrast, most human BPs are bRGCs and TAPs (Fietz et al., 2010; Hansen et al., 2010) and thus exhibit proliferation and self-renewal capacity. Similar observations have recently been reported for the macaque monkey (Betizeau et al., 2013) . Indeed, an increased proliferation and selfrenewal capacity of BPs, resulting in enlargement of the embryonic SVZ, is thought to be a main cause of neocortex expansion during evolution (Fietz and Huttner, 2011; Lui et al., 2011; Borrell and Reillo, 2012) . The proliferation and self-renewal capacity of bRGCs is thought to be due, at least in part, to these cells extending processes, specifically a basal process towards the basal lamina (Fietz et al., 2010; Hansen et al., 2010; Reillo et al., 2011; Shitamukai et al., 2011; Wang et al., 2011; Kelava et al., 2012; Betizeau et al., 2013) . This may allow bRGCs to receive proliferative signals from extracellular matrix (ECM) constituents of the basal lamina (Fietz et al., 2010) . This notion extends a concept based on findings with mouse aRGCs, which have implicated the basal process in their self-renewal (Konno et al., 2008; Kosodo and Huttner, 2009; Loulier et al., 2009; Shitamukai et al., 2011) and which have shown that basal lamina contact, laminin α 2 and α 4 , and integrin β 1 are crucial for aRGC survival (Radakovits et al., 2009 ).
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However, it is unknown why BPs that lack basal lamina contact have greater proliferative potential in human (or macaque) than in mouse. Recently, our group reported on the transcriptomes of the VZ versus SVZ in mouse versus human developing neocortex (Fietz et al., 2012) , as well as on the transcriptomes of mouse cortical progenitors undergoing proliferative versus neurogenic divisions (Arai et al., 2011) . The data obtained suggest that the greater proliferation and self-renewal capacity of human than mouse BPs, and of mouse aRGCs than IPCs, may be linked to progenitorautonomous ECM production (Arai et al., 2011; Fietz et al., 2012) . These findings prompted us to investigate whether the targeted activation of ECM receptors, notably integrin α v β 3 (itgαvβ3) (for the reasons outlined below), in the developing mouse neocortex can induce BP proliferation.
RESULTS

Expression of itgαvβ3 in mouse VZ and SVZ, and APs and BPs
In light of the potential importance of ECM constituents for BP proliferation and self-renewal capacity, we focused on integrins, a family of heterodimers comprised of an alpha (α) and a beta (β) subunit that constitute the main cell surface receptors for ECM constituents. Previous studies have concentrated on α 6 -and β 1containing integrins and demonstrated an involvement of the β 1 subunit in aRGC proliferation and survival (Haubst et al., 2006; Lathia et al., 2007; Loulier et al., 2009; Radakovits et al., 2009 ). In the present study, we chose to investigate itgαvβ3, for two reasons. First, the SVZ of developing ferret neocortex, in contrast to embryonic mouse neocortex, contains a high relative abundance of bRGCs (Fietz et al., 2010; Reillo et al., 2011) . Remarkably, interference with itgαvβ3 that is expressed on ferret bRGCs inhibits their proliferation and self-renewal capacity (Fietz et al., 2010) .
Second, previous transcriptome analyses (Arai et al., 2011; Fietz et al., 2012) show that there is lower, albeit still detectable, expression of itgαv and itgβ3 in neurogenic compared with proliferating progenitors in mouse (Arai et al., 2011) (supplementary material Fig. S1A ), and of itgαv in the mouse SVZ compared with VZ (Fietz et al., 2012) (supplementary material Fig. S1B ), whereas itgαv expression is maintained in the human OSVZ compared to VZ (Fietz et al., 2012) (supplementary material Fig. S1B ). Complementing and extending these transcriptome data, conventional immunofluorescence (supplementary material Fig. S1A-G) and correlative immunofluorescence and immunogold electron microscopy (supplementary material Fig. S1H -L) for itgβ3 revealed its presence in embryonic day (E)14.5 mouse neocortex. Taken together, these results show that compared with aRGCs, mouse BPs contain lower, but detectable, levels of itgαv and itgβ3. Hence, given that itgαv is a major heterodimerizing subunit for itgβ3 (Hynes, 2002) , itgαvβ3 emerges as a prime candidate to promote mouse BP proliferation when activated.
Targeted activation of itgαvβ3 increases mitotic APs and BPs
To activate itgαvβ3, we used the activating antibody LIBS-6 (Frelinger et al., 1991; Tzima et al., 2001) . Using this 'pharmacological' approach, we are able to acutely manipulate itgαvβ3 activation at any desired developmental stage. Further, the LIBS-6 antibody represents a highly specific tool, similar to a dominant-active itgαvβ3. However, delivering expression constructs for itgαvβ3 or a dominant-active form of it to the mouse embryonic neocortex (e.g. by electroporation) would primarily target aRGCs and would affect BPs only as a consequence. In contrast, administration of the LIBS-6 antibody allows the activation of itgαvβ3 directly on BPs, as antibodies are known to diffuse across developing neocortical tissue (Loulier et al., 2009) .
Integrin activation was examined using hemisphere rotation (HERO) culture of E14.5 mouse cerebral cortex, which faithfully reproduces in utero cortical development with regard to neural progenitor proliferation and differentiation (Schenk et al., 2009) . We first verified that integrins, in general (and not necessarily on progenitors only), could be activated under our experimental conditions, using an established treatment, addition of manganese (Mn 2+ ) (Cluzel et al., 2005; Afshari et al., 2010) , and quantifying phosphoERK levels (supplementary material Fig. S2A,B ). Next, we found that LIBS-6 treatment increased phosphoERK levels to an extent consistent with the relative abundance of itgαv mRNA present in the E14.5 mouse neocortex (supplementary material Fig. S2C ,D), suggesting that LIBS-6 treatment can be used to activate itgαvβ3.
Activation of itgαvβ3 by LIBS-6 increased the level of mitotic APs and, even more so, of mitotic BPs ( Fig. 1A -C) (for definition of progenitor types, see Material and Methods). Specifically, immunofluorescence for phosphohistone H3 (Fig. 1A ) and phosphovimentin (see Fig. 3D ,E), markers of mitotic cells, revealed that LIBS-6 treatment in HERO culture for 24 hours (Fig. 1B ,C) and 48 hours (see Fig. 3B ,C,E), respectively, increased the number of mitoses observed at the ventricular surface by one-third ( Fig. 1B ) and almost doubled those in the SVZ and basal VZ (Fig. 1C, Fig. 3B ).
These effects of itgαvβ3 activation on AP and BP proliferation were accompanied by changes in the radial versus lateral extension of the developing cortical wall. Compared with HERO culture for 24 hours in the presence of mouse isotype control IgG (ctrl IgG), the cortical wall upon LIBS-6 treatment was reduced in thickness ( Fig. 1D ,E) and increased in lateral length ( Fig. 1D,F) . The reduction in the radial dimension ( Fig. 1D ,E) largely reflected a compaction of the VZ, which showed a significant decrease in thickness ( Fig. 1G,H ), but without a decrease in the number of nuclei per radial field ( Fig. 1G ,I). Given the increase in the lateral length of the cortical wall upon LIBS-6 treatment ( Fig. 1D,F) , the constant density of nuclei per radial field in the VZ, SVZ+IZ and cortical plate (CP) implies that the population size of all, APs, BPs and neurons, was increased by itgαvβ3 activation. This increase in population size should be borne in mind with regard to all effects of itgαvβ3 activation described below, as the various parameters studied are quantified per microscopic or radial field, and hence the total magnitude of a given increase is greater, and that of a given decrease smaller, than depicted by such quantification.
Itgαvβ3 activation increases BP proliferation
To further investigate the effect of itgαvβ3 activation on AP and BP proliferation, we applied the thymidine analog 5-ethynyl-2¢deoxyuridine (EdU) for 1 hour before the end of a 48-hour HERO culture to determine the number of cortical progenitors in S-phase. Itgαvβ3 activation by LIBS-6 resulted in an increased number of EdU-positive (EdU+) progenitors in the VZ and SVZ compared with ctrl IgG ( Fig. 2A,B ). No significant difference in apoptosis between control and LIBS-6-treated hemispheres was observed (supplementary material Fig. S3 ), and so altered apoptosis could not account for the increase in EdU+ cells.
To gain insight into which types of progenitors were affected by itgαvβ3 activation, we analyzed EdU+ nuclei for the presence or absence of the marker Pax6 (Englund et al., 2005; Osumi et al., 2008) (Fig. 2C ,D,F). Strongly Pax6-positive (Pax6+) nuclei in the VZ (Fig. 2F ) were considered to belong to aRGCs. Pax6+ nuclei in the SVZ, the immunoreactivity signal of which was generally lower than that of the VZ nuclei ( Fig. 2D ), were considered to belong to either bRGCs (Shitamukai et al., 2011; Wang et al., 2011) or IPCs that had inherited some Pax6 protein from aRGCs (Fish et al., 2008; Arai et al., 2011) . Pax6-negative (Pax6-) nuclei in the VZ and SVZ were considered to belong to newborn and fully delaminated, respectively, IPCs and TAPs (Englund et al., 2005) . LIBS-6 treatment caused an almost twofold increase in the weakly Pax6+ & EdU+ nuclei in the SVZ ( Fig. 2E , left) and a profound, fivefold increase in the Pax6-EdU+ nuclei in that germinal zone ( Fig. 2E , right). Although not statistically significant, a trend towards the latter BP increase could already by observed in the VZ (Fig. 2G , right). Pax6+ EdU+ nuclei in the VZ, i.e. aRGCs, appeared to show a moderate (not statistically significant) increase upon LIBS-6 treatment ( Fig. 2G, left) .
We noticed that the fold-increase in Pax6-EdU+ progenitors in the SVZ upon itgαvβ3 activation, which accounted for approximately half of the EdU+ progenitors in the SVZ ( Fig. 2E ), was greater than that in the total BP population as revealed by the abundance of basal mitoses (Fig. 1C ). Given the previous finding that proliferating BPs exhibit a twofold longer S-phase than neurogenic BPs (Arai et al., 2011) , this raised the possibility that the increase in EdU incorporation may in part reflect a greater relative proportion of S-phase in the BP cell cycle. We investigated this possibility by proliferating cell nuclear antigen (PCNA) immunostaining, which shows a punctate nuclear pattern during Sphase ( Fig. 2H ). Quantification of punctate PCNA-positive nuclei after 48-hour HERO culture revealed a significant increase in the proportion of nuclei in S-phase in the SVZ, but not VZ, upon LIBS-6 treatment ( Fig. 2I ). However, the fold-increase was substantially less than that in the Pax6-EdU+ nuclei in the SVZ ( Fig. 2E ). We therefore conclude that the increase in Pax6-EdU+ SVZ nuclei, i.e. in IPCs/TAPs, upon itgαvβ3 activation that can be accounted for by Development stimulation of proliferation is actually in accordance with the increase in basal mitoses (Fig. 1C ).
Most BP proliferation upon itgαvβ3 activation is due to IPCs/TAPs
To obtain independent evidence showing that the increase in basal mitoses ( Fig. 1C ) and in EdU+ nuclei in the SVZ ( Fig. 2E ) upon itgαvβ3 activation indeed reflected an increase in BPs, we performed immunostaining for the BP marker Tbr2 (Eomes -Mouse Genome Informatics) (Englund et al., 2005) (Fig. 3A) . As was the case after 24 hours of HERO culture, LIBS-6 treatment in HERO culture for 48 hours significantly increased the number of basal mitoses (Fig. 3B ). The vast majority of these were either strongly or weakly Tbr2-positive ( Fig. 3C ), corroborating our conclusion that itgαvβ3 activation promotes BP proliferation. We noticed that some of the increased basal, Tbr2+ mitoses observed upon LIBS-6 treatment were located in the basal region of the SVZ and in the intermediate zone ( Fig. 3A) , raising the possibility that itgαvβ3 activation might affect BP migration. By morphology, mouse mitotic BPs as identified by phosphovimentin staining fall into two principal groups, either possessing (bRGCs) or lacking (IPCs, TAPs) a basal process at mitosis (Reillo et al., 2011; Shitamukai et al., 2011; Wang et al., 2011; Kelava et al., 2012) . We therefore performed phosphovimentin immunostaining to determine to which extent the increased BP proliferation observed upon itgαvβ3 activation pertained to IPCs/TAPs versus bRGCs ( Fig. 3D ). LIBS-6 treatment in HERO culture for 48 hours doubled the number of basal processlacking mitotic BPs, i.e. IPCs and/or TAPs, which comprised ≈90% of all mitotic BPs (Fig. 3E, left) . LIBS-6 treatment also moderately 799
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Development (2014) increased the minor population of basal process-bearing mitotic BPs, i.e. bRGCs ( Fig. 3E, right) . Thus, the increase in the BP population upon itgαvβ3 activation was mostly due to increased IPC and/or TAP proliferation.
Itgαvβ3 activation promotes BP cell cycle re-entry
IPCs and TAPs differ in the number of rounds of cell division they undergo. IPCs typically undergo only one, self-consuming division that yields two postmitotic neurons, whereas TAPs can re-enter the cell cycle (Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004; Attardo et al., 2008; Noctor et al., 2008; Hansen et al., 2010; Betizeau et al., 2013) . We therefore determined whether the increase in BPs upon itgαvβ3 activation reflected an increased capacity of IPCs to re-enter the cell cycle. To this end, we performed, in the presence of either ctrl IgG or LIBS-6, a 1-hour EdU pulse-labeling at the end of a 24-hour HERO culture, followed by another 24-hour HERO culture and analysis of cycling cells by Ki67 immunostaining (Fig. 4A ). LIBS-6 treatment increased the proportion of nuclei that were both, EdU+ and Ki67-positive (Ki67+), in the SVZ but not VZ ( Fig. 4B ). Considering the length of S-, G2-and M-phase of E14.5 BPs (Arai et al., 2011) , these data imply that itgαvβ3 activation promoted the cell cycle re-entry of BPs; that is, it induced a portion of IPCs to adopt a TAP-like behavior.
Itgαvβ3 activation decreases the proportion of neurogenic IPCs and promotes symmetric proliferative divisions of cortical progenitors Tis21 (Btg2 -Mouse Genome Informatics) is a prodifferentiative gene that among BPs is typically expressed in IPCs undergoing selfconsuming symmetric neurogenic division (Haubensak et al., 2004; Attardo et al., 2008) . These Tis21-expressing IPCs comprise ≈80% of all BPs in the E14.5 mouse neocortex (Arai et al., 2011) . Conversely, the ≈20% BPs that lack Tis21 expression probably correspond to the minor BP subpopulation in embryonic rodent neocortex shown to undergo repeated rounds of cell division (Noctor et al., 2004; Noctor et al., 2008) , i.e. displaying a TAP-like behavior, and in addition presumably include at least some self-renewing bRGCs, which in mouse constitute another minor BP subpopulation (Shitamukai et al., 2011; Wang et al., 2011; Kelava et al., 2012) . Given these previous observations, one would expect that the itgαvβ3-induced increase in BPs capable of cell cycle re-entry ( Fig. 4B ) should be accompanied by an increase in BPs lacking Tis21 expression.
To investigate this hypothesis, we took advantage of a Tis21-green fluorescent protein (GFP) knock-in mouse line in which nuclear GFP is expressed under the control of the Tis21 promoter (Haubensak et al., 2004) . LIBS-6 treatment for 48 hours in HERO culture led to a decrease in Tis21-GFP-positive (Tis21-GFP+) nuclei in both the VZ and SVZ ( Fig. 5A -C). Extending these data, double immunofluorescence for Ki67 showed that among the progenitors present in VZ and SVZ, LIBS-6 treatment caused a decrease in the proportion of Tis21-GFP+, i.e. neurogenic, progenitors ( Fig. 5D,F) . Thus, itgαvβ3 activation increased not only the population size of BPs (Fig. 1C, Fig. 2E, Fig. 3B ,C,E), but also the proportion of Tis21-GFP-negative (Tis21-GFP-) progenitors within this population. Accordingly, LIBS-6 treatment increased the percentage of Tis21-GFP-mitotic BPs at the expense of Tis21-GFP+ mitotic BPs (Fig. 5E,G) . In line with the decrease in Tis21-GFP+ neurogenic IPCs, LIBS-6 treatment in HERO culture for up to 48 hours did not result in an increased number of neurons per field (supplementary material Fig. S4 ). Taken together, our data are consistent with the notion that itgαvβ3 activation results in a portion of IPCs switching from a self-consuming, symmetric neurogenic division to amplifying, symmetric proliferative divisions.
To further investigate whether itgαvβ3 activation promotes symmetric proliferative progenitor divisions, we performed experiments with dissociated cells from E14.5 mouse dorsolateral telencephalon in culture. Dissociated cells plated at low density were exposed for 24 hours either to LIBS-6, or to control IgG, followed by Ki67 and Tuj1 double immunofluorescence to identify cycling progenitors and newborn neurons, respectively. At the end of the 24hour culture period, we scored only pairs of nascent daughter cells; that is, before completion of cytokinesis (i.e. before abscission) ( Fig. 6A ). Itgαvβ3 activation by LIBS-6 resulted in a significant decrease in the percentage of pairs consisting of two neurons ( Fig. 6A,B , N+N) and a corresponding increase in pairs consisting of two progenitors ( Fig. 6A,B , P+P), without a change in pairs consisting of one progenitor and one neuron ( Fig. 6A,B , P+N). Relating these in vitro results to the in vivo situation, it should be noted that at E14.5 APs are known to generate neurons typically by asymmetric division, whereas BPs do so by symmetric division (Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004; Attardo et al., 2008; Noctor et al., 2008) . Hence, one may interpret the decrease in N+N pairs upon itgαvβ3 activation observed with dissociated cortical cells in culture ( Fig. 6B ) to reflect a decrease in symmetric neurogenic BP divisions. This in turn would suggest that the increase in P+P pairs upon itgαvβ3 activation may predominantly reflect an increase in symmetric proliferative divisions of BPs.
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Increased BP levels upon itgαvβ3 activation are not due to increased BP generation from APs nor increased AP delamination
Taken together, the effects of LIBS-6 treatment on BPs described so far are best explained by itgαvβ3 activation directly stimulating their proliferation. This conclusion is in accordance with the spatial circumstances concerning the antibody administration, as upon its addition to hemispheres in HERO culture, antibody can be expected to reach delaminated BPs by paracellular diffusion (Aaku-Saraste et al., 1996; Loulier et al., 2009) . Additional evidence in support of the above conclusion comes from considering the effects of LIBS-6 treatment on APs. First, although LIBS-6 treatment for 24 hours increased not only the level of mitotic BPs (Fig. 1C ), but also that of mitotic APs (Fig. 1B) , the magnitude of the latter increase was less than the former, and the increase in mitotic APs was not accompanied by a statistically significant increase in AP proliferation (Fig. 2G, left) nor in AP cell cycle re-entry (Fig. 4B, left) at 48 hours of HERO culture. Hence, it is very unlikely that the marked increase in BP proliferation ( Fig. 2E ), mitotic Tbr2+ BPs (Fig. 3C ) and BP cell cycle re-entry ( Fig. 4B, right ) upon itgαvβ3 activation that we observed at 48 hours of HERO culture was the result of an increased BP generation by APs. Second, the increase in mitotic APs observed after 24 hours of LIBS-6 treatment (Fig. 1B) was accompanied by an increase in lateral length (Fig. 1F) , which implies an expansion of APs by symmetric proliferative divisions generating two APs each, rather than an increase in AP divisions generating BPs.
Moreover, our findings that the proliferating mitotic BPs observed at higher level upon itgαvβ3 activation expressed the BP marker Tbr2 (Fig. 3C ) and downregulated ( Fig. 2E, left) or lacked ( Fig. 2E , right) the AP marker Pax6 render it highly unlikely that these cells were delaminated APs. Further evidence against this scenario was obtained by experiments interfering with Notch signaling (supplementary material Fig. S5 ). Thus, neither increased BP generation from APs nor increased AP delamination appear to underlie the increase in cycling BP levels upon itgαvβ3 activation.
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Development (2014) This in turn supports our conclusion that this increase is due to activated itgαvβ3 directly stimulating BP proliferation, notably inducing a portion of IPCs to adopt a TAP-like behavior. The exact mechanism by which itgαvβ3 activation leads to this effect, for example whether it involves altered IPC migration (see Fig. 3A ), remains to be investigated.
Depletion of thyroid hormones reduces cortical progenitor proliferation
Interestingly, itgαvβ3 is the only known non-nuclear, cell surface receptor of thyroid hormones (THs) (Bergh et al., 2005; Cody et al., 2007) . Furthermore, binding of THs to itgαvβ3, like other modes of integrin activation (see supplementary material Fig. S2 ), results in ERK activation, which in turn leads to cell proliferation (reviewed in Davis et al., 2011) . We therefore explored a possible role of THs in the itgαvβ3-induced BP proliferation. We first examined the physiological role of endogenous THs on cortical progenitor proliferation in general. For this purpose, we turned to rat, an established model system that in contrast to mouse allows efficient pharmacological depletion of thyroid hormones. Specifically, pregnant rats received 2-mercapto-1-methylimidazole (MMI) with the drinking water ( Fig. 7A) , which prevents the synthesis of THs (Ausó et al., 2004) . After 10 days of MMI treatment, pregnant rats were found to be completely deprived of THs compared with control, in contrast to pregnant mice treated with MMI for 14 days (supplementary material Table S2 ).
Flow cytometry of dissociated cells from the neocortex of E16.5 rats (corresponding to E14.5 mice) showed that, compared with control, the proportion of cycling (PCNA+) cells, i.e. cortical progenitors, was substantially (by 34%) reduced upon TH depletion (Fig. 7B ). Analysis of dissociated cortical progenitors for Pax6 and Tbr2 revealed that this reduction concerned both, Pax6+/Tbr2progenitors, i.e. APs (Fig. 7C) , and Tbr2+ progenitors, i.e. BPs (Fig. 7D ). In this analysis, we noticed that ≈95% of all cortical progenitors from control rat embryos scored as Pax6+, implying that the majority of the Tbr2+ BPs still contained detectable Pax6 immunoreactivity. By contrast, in the case of MMI-treated rat embryos, Pax6+ progenitors and Tbr2+ progenitors together accounted for essentially all progenitors present, implying that upon TH depletion the majority of the Tbr2+ BPs lacked detectable Pax6 immunoreactivity. This may suggest that THs somehow negatively influence Pax6 downregulation in newborn BPs.
TH depletion reduced the proportion of newborn neurons, as revealed by flow cytometry analysis of dissociated cells from E19.5 rat neocortex for the marker Tbr1 (Fig. 7E ). This decrease likely reflected diminished neurogenesis due to the reduced population of APs and BPs caused by the TH deficiency. Together, these data indicate that in normal neocortical development, neural progenitors require the presence of THs to reach their full population size and to generate the complement of neurons (Mohan et al., 2012) .
TH binding to itgαvβ3 is required for the LIBS-6-mediated increase in BP proliferation
We next investigated whether the BP proliferation induced by activation of itgαvβ3 using LIBS-6 involved THs. For this purpose, we used tetraiodothyroacetic acid (tetrac), a thyroxin analog that specifically interferes with TH binding to itgαvβ3 and thereby inhibits the TH effects that are transduced by itgαvβ3 (Bergh et al., 2005; Davis et al., 2011) . This pharmacological agent appears to be the most specific tool presently at hand to investigate a potential role of THs in the itgαvβ3-mediated stimulation of BP proliferation. To our knowledge, no itgαvβ3 mutants have been reported to date that selectively abrogate the binding of THs, but not ECM ligands, to itgαvβ3.
To address the in vivo relevance of itgαvβ3-TH interaction, we administered tetrac by intraventricular injection into mouse embryos in utero (Fig. 7F ). We first established the validity of this approach by confirming that intraventricular injection of LIBS-6 (at fourfold higher concentration than for HERO culture to account for the estimated dilution by the ventricular fluid) exerted the same effect on cortical progenitor proliferation in vivo as in HERO culture. Antibodies injected intraventricularly into E14.5 mouse embryos in utero have previously been shown to reach the cortical SVZ by paracellular diffusion (Loulier et al., 2009) , consistent with the absence of tight junctions after neural tube closure (Aaku-Saraste et al., 1996) . Indeed, intraventricular LIBS-6 injection at E14.5 resulted in an increase in mitotic APs and, even more so, in mitotic BPs 24 hours later ( Fig. 7G-I, blue) .
In the absence of targeted itgαvβ3 activation by LIBS-6, inhibition of endogenous TH binding to itgαvβ3 by intraventricular injection of tetrac significantly reduced the physiological level of mitotic APs, but not that of mitotic BPs (Fig. 7G-I, red) . These data show that THs sustain AP proliferation via itgαvβ3 in embryonic mouse neocortex. In fact, under the present experimental conditions,
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Development (2014) Development tetrac would be expected to affect only the level of mitotic APs, but not that of mitotic BPs, for two reasons. First, in mouse, APs, but not the vast majority of BPs, undergo repeated cell divisions (Fietz and Huttner, 2011; Lui et al., 2011; Borrell and Reillo, 2012) , and hence only APs should be susceptible to proliferation inhibitors. Second, in light of the cell cycle length of E14.5 APs (≈19 hours) and BPs (≈26 hours) (Arai et al., 2011) , one would not expect the reduced level of mitotic APs observed after 24 hours of tetrac administration (Fig. 7G, red) to already yield a detectable reduction in the level of mitotic BPs. Our data are consistent with the notion that the intrinsic self-renewal capacity of APs involves constitutive itgαvβ3 activation by ECM (Arai et al., 2011) that is sustained by TH binding to itgαvβ3. By contrast, mouse BPs appear to lack this constitutive itgαvβ3 activation, presumably owing to the lack of endogenous ECM production (Arai et al., 2011) (supplementary material Fig. S6 ).
Remarkably, intraventricular injection of tetrac completely blocked the increase in mitotic BPs elicited upon targeted itgαvβ3 activation by LIBS-6 ( Fig. 7H,I, the simultaneous presence of THs. By contrast, tetrac only partially abrogated the increase in mitotic APs elicited by LIBS-6 administration (Fig. 7G,I, purple versus blue) , and thus LIBS-6 treatment in the presence of tetrac still caused an increase in mitotic APs (Fig. 7G,I, purple versus red) . In other words, only the constitutive proliferation of APs (Fig. 7G,I, white versus red) , but not that elicited by LIBS-6-mediated itgαvβ3 activation (Fig. 7G ,I, compare blue versus white with purple versus red), appears to be sensitive to TH displacement from itgαvβ3. We conclude that mouse BPs differ from APs with regard to the need of TH binding to itgαvβ3 in order to sustain the proliferation induced by the targeted activation of this integrin by LIBS-6. Whereas BPs are dependent on this hormone-integrin interaction, APs are not. It is tempting to relate this to the differences between mouse BPs and APs with regard to endogenous ECM production and constitutive proliferative capacity. Whereas APs are endowed with both, BPs are not. Thus, we hypothesize that in the case of APs, itgαvβ3 -even upon TH displacement -can still be activated by LIBS-6 to increase progenitor proliferation because of its constitutive interaction with local ECM ligands (supplementary material Fig. S6 ). In this context, it is interesting to note that: (1) ECM constituents occur abundantly in embryonic ventricular fluid (Zappaterra et al., 2007) ; (2) APs extend their primary cilium, a sensory organelle, into this fluid (Lehtinen and Walsh, 2011; Louvi and Grove, 2011); and (3) integrins can localize to the ciliary membrane (Seeger-Nukpezah and Golemis, 2012) . By contrast, in the case of mouse BPs, there is no such constitutive ECM-itgαvβ3 interaction, rendering its activation by LIBS-6 dependent on the binding of the other principal class of ligands -THs (supplementary material Fig. S6 ).
DISCUSSION
THs are well-known stimulators of cell proliferation (Sirakov et al., 2012) , including neural progenitors (Mohan et al., 2012) . The present study contributes the key finding that the stimulation of neural progenitor proliferation by THs is mediated by the TH cell surface receptor itgαvβ3. This is even more significant in light of our findings that mouse BPs, which largely lack self-renewal capacity, are induced to proliferate upon targeted itgαvβ3 activation. The capacity of BPs for proliferation and self-renewal is thought to be a major factor in the evolutionary expansion of the neocortex (Fietz and Huttner, 2011; Lui et al., 2011; Borrell and Reillo, 2012) . Thus, itgαvβ3 emerges as a prime candidate to have a key role in this expansion.
We previously showed that in species in which BPs are endowed with self-renewal capacity, such as the gyrencephalic ferret, inhibition of itgαvβ3 signaling reduces the population size of these progenitors (Fietz et al., 2010) . Importantly however, aside from APs (Loulier et al., 2009; Radakovits et al., 2009 ), a link between progenitor self-renewal and integrin signaling has so far only been reported for those BPs that extend a basal process to the basal lamina and that are thought to contact integrin-activating ECM ligands via this process, that is bRGCs (Fietz et al., 2010) . We now demonstrate that activation of itgαvβ3 can be sufficient to induce BP proliferation, even in the case of those BPs that do not extend a basal process and for which the molecular basis underlying their proliferative potential has been enigmatic. Thus, our study provides the first evidence that proliferation of basal process-lacking, selfamplifying BPs (i.e. TAPs), which is a characteristic feature of developing human, but not mouse, neocortex and which has been proposed to be linked to the greater BP-autonomous ECM production in human than mouse (Fietz et al., 2012) , can indeed be induced by itgαvβ3 activation. Moreover, our study offers a novel, progenitor-based explanation for neurological cretinism; that is, the profound neurological impairment and mental retardation due to defective neocortex development in humans observed upon maternal hypothyroidism or the lack of iodine intake during pregnancy.
MATERIALS AND METHODS
Animals
All animal studies were conducted in accordance with the German animal welfare legislation and guidelines. C57Bl/6, heterozygous Tis21-GFP knockin (Haubensak et al., 2004) and heterozygous Tg(Eomes::GFP) bacterial artificial chromosome (BAC) transgenic (Gong et al., 2003; Kwon and Hadjantonakis, 2007) mice were used at E14.5.
HERO culture
Mouse telencephalic hemispheres were cultured as described (Schenk et al., 2009) . Hemispheres received medium containing: (1) 500 μM MnCl 2 , or an equivalent volume of water; (2) 50 μg/ml LIBS-6 [ligand-induced binding site 6, 2-5 mg/ml stock in phosphate-buffered saline (PBS)], a mouse monoclonal Fab that binds to integrin β3 (Frelinger et al., 1991) , or 50 μg/ml mouse isotype control IgG (5 mg/ml stock, Abcam, ab37355); (3) 10 μM N-[N-(3,5-Difluorophenacetyl-L-alanyl)]-(S)-phenylglycine t-butyl ester (DAPT) (Calbiochem 565770) dissolved in dimethyl sulfoxide (DMSO) (40 mM stock), or an equivalent volume of DMSO only.
EdU labeling
HERO cultures received 1 mg/ml EdU (Invitrogen) for 1 hour. EdU labeling was performed at the end of a 48-hour culture followed by fixation. Alternatively, EdU labeling was performed after a 24-hour culture, hemispheres transferred to fresh medium, and HERO culture continued for additional 24 hours, followed by fixation.
Microinjection into APs in slice culture
Microinjection of fluorescently labeled dextran (Dx-A594, Invitrogen) in slices of mouse telencephalon was performed as described (Taverna et al., 2011) .
Intraventricular injection
For details of in utero manipulation and intraventricular injection, see Saito and Nakatsuji (Saito and Nakatsuji, 2001; De Pietri Tonelli et al., 2006; Loulier et al., 2009 ). The following agents (1-2 μl injected volume) were injected: (1) 0.2 mg/ml LIBS-6 or mouse isotype control IgG in PBS; (2) 200 μM 3,3′,5,5′-tetraiodothyroacetic acid (tetrac, Sigma T3787), from a 100 mM stock in 0.1 N NaOH diluted in PBS, or an equivalent volume of PBS containing 0.2% 0.1 N NaOH only. Intraventricularly injected E14.5 embryos were allowed to develop for 24 hours in utero, followed by dissection of brains and fixation.
Nascent daughter cell pair analysis
Three-to-five dorsolateral telencephala were pooled and dissociated using the Neural Tissue Dissociation Kit (papain-based, Miltenyi Biotec) according to the manufacturer's instruction. Cells were grown on poly-Dlysine-coated coverslips at low density (50,000 cells per 1-cm coverslip) in Dulbecco's modified Eagle medium (DMEM) GlutaMax supplemented with 10% fetal calf serum (FCS) and 1% penicillin/streptomycin in presence of 50 μg/ml LIBS-6 or 50 μg/ml mouse isotype control IgG for 24 hours, followed by fixation.
Flow cytometry
Pregnant Sprague-Dawley (JANVIER) rats received 0.02% 2-mercapto-1methylimidazole (MMI, Sigma 301507) together with 0.3% saccharin, or 0.3% saccharin only (control), with the drinking water, freshly made daily, from gestation day E4 or E6 onwards and were sacrificed at E16.5 or E19.5. PCNA, Pax6, Tbr2 and Tbr1 immunofluorescence was performed on dissociated, paraformaldehyde-fixed, Triton X-100-permeabilized cells of dorsolateral telencephalon according to standard procedures, followed by RESEARCH ARTICLE Development (2014 Development ( ) doi:10.1242 Development flow cytometry (FACSCalibur, BD Bioscience). Data analyses were performed using FlowJo software.
Fluorescence analyses
Hemispheres after HERO culture, intraventricularly injected brains as well as brains dissected from E14.5 C57Bl/6 or Tg(Eomes::GFP) mice, and microinjected brain slices were fixed in 4% paraformaldehyde (PFA) in 120 mM phosphate buffer pH 7.4 overnight at 4°C. Dissociated cortical cells in culture were PFA-fixed for 10 minutes at room temperature. Fixed hemispheres, and fixed brains from E14.5 C57Bl/6 or Tg(Eomes::GFP)mice, were used for the preparation of 14-μm sagittal cryosections and coronal cryosections, respectively (Kelava et al., 2012) . Intraventricularly injected fixed brains, and microinjected fixed brain slices, were used for the preparation of 70 μm and 50 μm, respectively, coronal vibratome sections (Kelava et al., 2012) .
Cryosections and vibratome sections, as well as fixed cell cultures, were subjected to immunohistochemistry as described (Fietz et al., 2010; Arai et al., 2011; Kelava et al., 2012) . For details on antibodies used, see supplementary material Table S1 . Detection of EdU was performed as described (Arai et al., 2011) , using the Click-iT Alexa 647 Imaging Kit (Invitrogen, Molecular Probes).
Correlative light and electron microscopy
Performed as described previously (Paridaen et al., 2013) . For details see supplementary material Fig. S1 .
Immunoblotting
ERK immunoblotting was performed according to standard procedures.
Determination of thyroid hormones in serum
The serum levels of thyroxine and triiodothyronine were determined by radioimmunoassay as previously described (Friedrichsen et al., 2003) (supplementary material Table S2 ).
Image acquisition and analysis
Confocal images were acquired using a Zeiss LSM DuoScan equipped with 10x, 20x, 25x or 40x objectives. Further image analyses were performed using Fiji software (http://pacific.mpi-cbg.de).
Quantification and statistics
The boundary between VZ and SVZ and beginning of CP were deduced from the orientation and density of nuclei (for details see (Kelava et al., 2012) ). Lateral length of cortical wall was determined by measuring the apical, ventricular surface length. Cortical thickness was determined by measuring radial thickness from the apical (i.e. ventricular) to the basal (i.e. pial) side. For determination of radial thickness of the various cortical zones, their boundaries were deduced from the orientation and density of nuclei within these zones. Mitoses at the ventricular surface and within three nuclear diameters from it were considered to be mitotic APs. All other abventricular mitoses in the VZ, SVZ and intermediate zone were considered to be mitotic BPs. Radial field was defined as field over 100 μm of ventricular surface length.
Quantification of phosphoERK immunoblots was performed with ImageJ. Prism software (GraphPad Software) was used for data calculation and illustration. Statistical analyses were performed using two-tailed, and integrin β3 (itgb3, right) mRNA in Tis21-GFP+ (Tis21+, green columns) compared to Tis21-GFP-(Tis21-, grey columns) progenitors isolated from E14.5 mouse neocortex (Arai et al., 2011) . Fluorescence units (FU) for Tis21+ are expressed as percentage of Tis21-. Itgav FU is the mean of 3 datasets analyzed with 2 independent probes. Itgb3 FU is the mean of 3 datasets analyzed with one probe. of dextran A594 (red); 50 µm coronal section of E14.5 mouse neocortex was immunostained for integrin β 3 (green, ab75872), which localizes to basolateral plasma membrane of AP. Scale bar 10 µm. Single optical section z=0.78 µm. (H-L) Correlative light microscopy and EM (Paridaen et al., 2013) of E14.5 mouse neocortex ultrathin cryosections (Dubreuil et al., 2007) . (H,I) Correlative light microscopy (LM) images are shown as single channels (integrin β 3 : left, DAPI: middle) and merge (integrin β 3 , red; DAPI, blue). Black hexagonal bars are visible from the EM support grid. Note that the two distinct integrin β 3 antibodies on 70-nm coronal sections revealed integrin β 3 immunofluorescence throughout the cortical wall, reflecting the same localization pattern as observed by conventional immunofluorescence. (J-L) EM micrographs. Mitotic BPs (J) and interphase BPs (K, as concluded from their position in the SVZ and the chromatin arrangement as well as the abventricular location of a centriole; overview images to the left; boxed areas are shown at higher magnification to the right). Interphase APs (L) at the ventricular surface (v). Pink arrowheads indicate 10-nm gold particles for integrin β 3 (using the antibodies, Table S1 ), black arrowheads indicate adherens junctions. Arrows indicate the basal lamina (in LM and EM images). c: primary cilium, *: centriole, m: mitochondrium, n: nucleus. Scale bars for LM images (in merge) 10 µm, for EM overviews: 1 µm and for magnifications 100 nm. Note the integrin β 3 immunogold-labeled mitotic and interphase BPs, as well as APs residing at the ventricle, confirming the presence of integrin β 3 intracellularly and at the plasma membrane. Mitotic BPs, identified by their abventricular localization, show immunogold particles close to the membrane. Similar to the integrin β 3 immunofluorescence, the abundance of immunogold particles is higher in APs than BPs, further supporting that integrin β 3 is present in BPs, albeit at lower levels than in APs. (Mn 2+ ) for 0, 20, 40, 60 or 120 minutes, followed by immunoblot analysis for phosphoERK (pERK) and total ERK protein. β-Actin immunoblot serves as a protein loading control. Note that Mn 2+ has previously been established to activate integrins by changing their conformation from an inactive, bent integrin heterodimer to an open, active conformation (Takagi et al., 2002) . Integrin activation is revealed by MAP kinase signaling, a well-characterized pathway downstream of integrins (Yee et al., 2008) , which has been shown to be important for progenitor cell proliferation in the cerebral cortex (Pucilowska et al., 2012) . Addition of Mn 2+ results in an increase in phosphoERK levels compared to control without altering the total level of ERK. (B) Quantification of phosphoERK immunoblot (mean of 20-and 40-minutes samples) shown in (A). Bars indicate the variation of the two values from the mean. Note the fourfold increase in the presence of Mn 2+ , suggesting that Mn 2+ leads to an activation of integrins present in E14.5 mouse neocortex. (C) Left: E14.5 mouse HERO culture in presence of ctrl IgG or LIBS-6 for 30 minutes followed by immunoblot for phosphoERK. Right: Quantification of the phosphoERK immunoblot shown on the left and another similar immunoblot after integrin α v mRNA (black) of total integrin subunit mRNAs expressed in the E14.5 mouse cerebral cortex. Average FPKM values of the sum of VZ, SVZ and CP (Fietz et al., 2012) . Note that in accordance with this relative abundance of integrin α v β 3 in the E14.5 mouse neocortex, which comprises only ≈6% of all integrins, LIBS-6 addition resulted in an 11% increase in phosphoERK compared to ctrl IgG. (C,D) Although the LIBS-6 antibody recognizes and activates not only integrin α v β 3 but also integrin α IIb β 3 (Frelinger et al., 1991) , it can be considered to specifically target integrin α v β 3 under the present conditions because integrin α IIb is not expressed in the mouse E14.5 neocortex (Fietz et al., 2012) , consistent with integrin α IIb β 3 being characteristically expressed on platelets. In light of the specificity of the LIBS-6 antibody under the present experimental conditions, this strongly suggests that LIBS-6 can be used to activate integrin α v β 3 in HERO culture. Note that inhibition of Notch signaling by DAPT results in a reduction of mitotic APs and an increase in mitotic BPs, suggesting that APs increasingly generate BPs, in line with previous studies (Yoon et al., 2008; Imayoshi et al., 2010) . Concomitant with this effect, inhibition of Notch signaling results in an increase in Tis21-GFP+ progenitors in interphase in the VZ and even more so in the SVZ. In contrast to inhibition of Notch signaling, integrin α v β 3 activation by LIBS-6 results in an increase in both, mitotic AP levels and mitotic BP levels. Inhibition of Notch signaling completely blocks the integrin α v β 3 -mediated increase in APs, but not that in BPs. The integrin α v β 3 -mediated decrease in Tis21-GFP+ progenitors in interphase in the VZ is blocked by inhibition of Notch signaling. Integrin α v β 3 activation by LIBS-6 causes a substantial decrease in Tis21-GFP+ progenitors in interphase in the SVZ in both, the absence and presence of DAPT. In summary, Notch signaling appears to be involved in the integrin α v β 3 -mediated stimulation of AP, but BP, proliferation, and hence the integrin α v β 3 -mediated increase in BPs does not appear to be due to an increased production of BPs from APs or to increased AP delamination. Integrin αvβ3
LIBS-6
Stenzel_Figure S6 no proliferation no proliferation
